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1.1	 Probabilistic	 projections	 of	 future	 changes	 in	 snow	were	 not	 provided	 in	
UKCP09,	due	to	the	statistical	methodology	producing	unrealistically	 large	
uncertainties	when	future	changes	approached	a	reduction	of	100%.
1.2	 However,	 daily	 values	 of	 snowfall	 rate	 are	 available	 at	 25	 km	 resolution	
from	the	ensemble	of	11	Met	Office	regional	climate	model	(RCM)	variants	


















1.4	 The	 simulated	 frequencies	 of	 days	 with	 snow	 falling	 in	 the	 RCMs	 show	






Simon Brown, Penelope Boorman, 
& James Murphy
Met Office Hadley Centre, Exeter 
November 2010









snow	 show	 large	 fractional	 reductions	 that	 are	 largest	 in	 the	 south	 and	
least	for	western	Scotland,	with	ensemble	mean	winter	changes	of	85%	and	
55%	respectively	 for	 the	 chosen	 threshold	of	0.02	mm/day.	Repeating	 the	
calculation	 for	 an	alternative	 threshold	of	 0.1	mm/day	 reduces	 the	 future	
changes	by	approximately	10%.	This	shows	that	the	projected	changes	are	
only	modestly	 sensitive	 to	 plausible	 variations	 in	 the	 choice	 of	 threshold.	
Changes	in	the	90th	percentile	of	winter	snowfall	rate,	a	measure	of	heavy	
snow	events,	simulates	reductions	of	greater	than	80%	for	most	of	the	UK.	
Reductions	 over	 Scotland	 are	 typically	 60%.	 One	 ensemble	member	 does	
not	follow	this	pattern	and	predicts	reductions	for	England	and	Scotland	of	








range	 2	 to	 5ºC)	 projected	 by	 the	 end	 of	 the	 century.	 The	 spread	 of	 RCM	
changes	is	generally	similar	to	that	found	in	the	corresponding	ensemble	of	
global	climate	model	(GCM)	projections	run	for	UKCP09,	although	there	are	
some	 differences	 due	 to	 downscaling	 signals	 introduced	 by	 the	 improved	
resolution	 of	 regional	 physiographic	 influences	 (such	 as	 the	 effects	 of	
mountains	and	coastlines)	in	the	RCMs.	The	results	are	also	compared	against	
projections	 from	an	 international	ensemble	of	alternative	 climate	models.	
These	 also	 show	 substantial	 reductions	 in	 mean	 snowfall	 rate,	 in	 good	
qualitative	 agreement	with	 the	 perturbed	 physics	 ensembles	 of	 RCM	 and	
GCM	results.	However,	the	spread	of	the	multi-model	projections	is	somewhat	
wider,	 demonstrating	 that	 the	 RCM	 ensemble	 expresses	 only	 a	 relatively	
limited	range	of		possible	changes	consistent	with	current	understanding	and	
worldwide	modelling	capabilities.	
1.8	 In	 summary,	 the	RCM	ensemble	provides	 a	 spread	of	plausible	 alternative	
projections	 of	 changes	 in	 characteristics	 of	 snowfall	 events	 for	 the	 UK.	
However,	 the	 presence	 of	 regional	 biases	 in	 the	 simulations	 of	 historical	
climate	 (here,	 1961–1990)	 implies	 that	 users	 requiring	 information	 on	
absolute	 characteristics	 of	 future	 snow	 events,	 rather	 than	 simply	 a	 set	
of	projected	 changes,	will	 need	 to	use	a	bias	 correction	 strategy	 to	allow	
for	 the	historical	errors,	although	this	will	only	be	feasible	where	suitable	
observational	 data	 exists.	 For	 changes	 in	mean	 snowfall	 rate,	 comparison	




cannot	 be	 made,	 as	 daily	 snowfall	 data	 is	 not	 available	 from	 the	 multi-














2.1	 As	 discussed	 in	 the	UKCP09	 climate	projections	 science	 report	 (Murphy	et 
al.	2009),	 it	was	not	possible	 to	provide	probabilistic	projections	of	 future	
changes	 for	certain	variables	 (soil	moisture,	 latent	heat	flux,	 snowfall	 rate	
and	wind	speed).	The	probabilistic	projection	methodology	involves	sampling	
climate	 modelling	 uncertainties	 by	 combining	 results	 from	 perturbed	




to	the	absolute	 lower	bound	of	–100%.	Under	 these	conditions,	 statistical	
contributions	to	the	uncertainties	captured	in	the	UKCP09	methodology	were	
found	 to	 become	unrealistically	 large,	 and	 hence	 probabilistic	 projections	
were	 not	 provided.*	 In	 their	 absence,	 there	 are	 four	 possible	 alternative	
sources	of	projections	of	transient	changes	during	the	21st	century:
•	 At	 the	 global	 climate	 model	 scale,	 a	 17-member	 ‘perturbed	 physics	




























2.2	 Data	 from	 the	 PPE_GCM	 and	 PPE_RCM	 ensembles	 is	 available	 from	 the	
Climate	 Impacts	 LINK	 project,	 operated	 by	 the	 British	 Atmospheric	 Data	
Centre	 (BADC);	 see	 http://badc.nerc.ac.uk/data/link,	 with	 access	 conditions	









from	http://ensemblesrt3.dmi.dk/)	 provide	a	potential	 additional	 source	of	

























25	km	horizontal	 resolution,	using	 the	European	domain	 shown	 in	Figure	
3.8	of	Murphy	et al.	(2009),		driven	at	the	lateral	boundaries	by	time	series	
of	variables	(such	as	temperature	and	winds)	saved	from	the	corresponding	
global	 projection.	 Sea	 surface	 temperatures	 and	 sea-ice	 extents	were	 also	
prescribed	 using	 values	 saved	 from	 the	 relevant	 global	 projection,	 since	
the	 regional	 model	 used	 in	 UKCP09	 (like	 most	 RCMs)	 does	 not	 include	
an	 interactive	ocean	 component.	 The	purpose	of	RCMs	 is	 to	provide	high	
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3. Evaluation of RCM snowfall days in  
present-day climate
3.1.	A	validation	of	RCM	days	with	snow	falling	was	performed	using	observations	
at	 meteorological	 observing	 stations	 from	 1961–1990.	 The	 number	 of	




(December,	 January,	 February	 –	DJF)	 are	 shown	 in	 Figures	 1a	 and	b	 as	 an	
example	of	the	two	grids.








from	 the	 RCM	 results,	 which	 represent	 accumulated	 daily	 snow	 amounts	
aggregated	over	a	spatial	region	of	25	x	25	km2.	
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Figure 1: Gridded observations of days 
with snow falling averaged over 1961–
1990 for December to February (DJF) at 
a) 1 km resolution b) 25 km resolution, 
corresponding to regional climate model 
(RCM) grid boxes.
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3.3.	Model	snowfall	rate	was	used	to	define	days	with	snow	falling	from	which	




measurable	 rate,	 often	 at	 the	 numerical	 precision	 level	 of	 the	 computed	
diagnostic.		This	is	a	known	feature	of	the	Met	Office	Unified	Model	code,	
which	 has	 been	 noted	 when	 configured	 for	 weather	 prediction	 (Martin	

























a) Winter  (days) b) Spring (days) c) Summer (days) d) Autumn (days)
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Figure 2: Observed number of days with 
snow falling on the 25 km RCM grid, 
averaged over 1961–1990 for a) DJF b) 
March–May (MAM) c) June–August (JJA) d) 
September–November (SON).
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Figure 3: RCM member and ensemble mean seasonal biases in number of days with snow 
falling at a rate greater than 0.02 mm/day, expressed as a percentage of observations 
for winter, values calculated for 1961–1990. Points with fewer than 4 observed days with 
snow per year are masked out.
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Figure 3 (continued): RCM member and ensemble mean seasonal biases in number of 
days with snow falling at a rate greater than 0.02 mm/day, expressed as a percentage 
of observations for spring, values calculated for 1961–1990. Points with fewer than 4 
observed days with snow per year are masked out.
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Figure 3 (continued): RCM member and ensemble mean seasonal biases in number of 
days with snow falling at a rate greater than 0.02 mm/day, expressed as a percentage 
of observations for autmun, values calculated for 1961–1990. Points with fewer than 4 
observed days with snow per year are masked out.
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of	 past	 performance	 in	 simulating	 snow	 is	 an	 important	 check,	 it	 should	
not	 be	 assumed	 either	 that	 a	 reasonable	 historical	 simulation	 guarantees	
a	 credible	 projection	of	 future	 changes,	 or	 that	 the	 presence	of	 biases	 in	
















4. Assessment of projected future 
changes 
4.1.	The	 projected	 changes	 in	 the	 number	 of	 days	 with	 snow	 for	 the	 RCM	
ensemble	 are	 shown	 in	 Figure	 4	 for	 winter,	 spring	 and	 autumn	 using	 a	
threshold	 of	 0.02	mm/day	 to	 define	 days	with	 snow.	 	 There	 are	 very	 few	
grid	points	with	days	of	snow	for	summer	in	the	future	so	changes	for	this	
season	are	not	 shown.	 	 The	ensemble-mean	projected	 changes	 for	winter	
(Figure	 4a)	 show	 significant	 reductions	 in	 all	 regions.	 This	 is	 also	 the	 case	
for	projected	 changes	 in	mean	 snowfall	 rate,	 shown	 in	Figure	4.33	of	 the	
UKCP09	 projections	 report	 (Murphy	 et al.	 2009).	 The	 individual	 ensemble	





surface	 temperatures	 .	 	 Significant	 reductions	 in	 the	number	of	days	with	
snow	are	also	 seen	 in	other	 seasons,	 for	all	 regions.	The	 largest	 fractional	
reductions	 occur	 in	 spring	 and	 autumn,	 typically	 >70%,	 with	 values	 of	
40–70%	occurring	 in	winter.	 	Reductions	are	 smallest	 for	 the	highlands	of	
Scotland	(c.	70,	50	,40%	for	autumn,	spring	and	winter	respectively)	but	with	
a	 some	spatial	variability,	and	are	 relatively	constant	but	 larger	across	 the	
rest	of	the	UK	(c.	80,	70,	70%	for	autumn,	spring	and	winter	respectively)	
with	 some	north–south	 gradient	 for	 spring	with	 the	 largest	 reductions	 in	
the	 south.	A	number	of	 ensemble	members	 show	 increased	 reductions	 at	






4.2.	Changes	 in	 the	 90th	 percentile*	 of	 snow	 fall	 rate,	 a	 measure	 of	 ‘heavy’	
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Figure 4: Changes in number of days with snow falling (%) in winter for 2070–2099 
relative to 1961–1990, for the 11 individual RCM projections and ensemble-mean. Points 
with fewer than 4 observed days with snow per year are masked out.
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Figure 4 (continued): Changes in number of days with snow falling (%) in spring for 
2070–2099 relative to 1961–1990, for the 11 individual RCM projections and ensemble-
mean. Points with fewer than 4 observed days with snow per year are masked out.
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Figure 4 (continued): Changes in number of days with snow falling (%) in autumn for 
2070–2099 relative to 1961–1990, for the 11 individual RCM projections and ensemble-
mean. Points with fewer than 4 observed days with snow per year are masked out.
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15	of	 21st	 century	projections	 run	 for	 the	 IPCC	 Fourth	Assessment	 report.	
Figure	6	shows	a	comparison	of	winter	changes	in	seasonal	mean	snowfall	
rate	 for	 six	 regions	 covering	 the	 UK	 and	 Ireland	 (corresponding	 to	 land	
points	 in	 the	 HadCM3	 GCM),	 alongside	 corresponding	 changes	 for	 the	
average	of	all	RCM	points	within	each	GCM	grid	box.		All	three	datasets	show	
substantial	 ensemble-mean	 (red	 points)	 reductions	 in	mean	 snowfall.	 This	













simulations,	 however,	 further	 investigation	 of	 the	 impact	 of	 downscaling	
in	 these	 results	 is	 beyond	 the	 scope	 of	 this	 report.	 Similar	 comparisons	
cannot	be	carried	out	for	changes	in	snow	days	or	heavy	events,	due	to	the	
unavailability	 of	 archived	 daily	 data	 from	 the	 GCM	 ensembles.	 However,	
we	 find	 that	 changes	 in	mean	 snowfall	 rate	 are	 generally	 quite	 strongly	
correlated	with	changes	to	snow	days	and	heavy	snowfall	events	in	the	RCM	
projections,	 so	 it	 is	 likely	 that	 the	RCMs	will	not	capture	 the	 full	 range	of	
plausible	changes	in	those	variables	either.	
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Figure 5: Percentage changes in the 90th percentile of snow fall rate for winter for 
2070–2099 relative to 1961–1990, for the 11 individual RCM projections and ensemble-
mean. Points with fewer than 4 observed days with snow per year are masked out.
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Figure 5 (continued): Percentage changes in the 90th percentile of snow fall rate for 
spring for 2070–2099 relative to 1961–1990, for the 11 individual RCM projections and 
ensemble-mean. Points with fewer than 4 observed days with snow per year are masked 
out.
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Figure 5 (continued): Percentage changes in the 90th percentile of snow fall rate for 
autumn for 2070–2099 relative to 1961–1990, for the 11 individual RCM projections and 
ensemble-mean. Points with fewer than 4 observed days with snow per year are masked 
out.
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Figure 6: Percentage change in seasonal mean snowfall rate  for DJF, 2070–2099 relative 
to 1961–1990, for the 6 land points representing UK and Ireland in HadCM3 and the  
PPE_RCM, PPE_GCM and MME ensembles. Members in black and ensemble-mean in 
red, RCM values are means of all gridpoints within the corresponding HadCM3 GCM 





5.1.	In	 summary,	 the	RCM	projections	provide	a	useful	dataset	 for	 the	analysis	














(as	 for	 other	 variables)	 it	 does	 not	 sample	 the	 full	 spread	 of	 possible	
outcomes	 consistent	with	present	 knowledge	or	modelling	 capability.	 The	
RCM	ensemble	should	therefore	be	interpreted	as	providing	a	set	of	plausible	
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